Introduction
Myocardial infarction (MI) leads to complex structural alterations (remodeling) involving both the infarcted and noninfarcted left ventricular (LV) myocardium [1] . Early remodeling, which occurs during the early phase of MI, is characteristic for LV wall thinning and cavity dilatation in the infarct region (infarct expansion). Cardiac rupture is a lethal complication accounting for 5-30% of in-hospital mortality of MI [2] and is often associated with a transmural infarction, no prior history of angina pectoris, and a relatively large Q-wave infarct. Although the significance of these factors remains unestablished, accumulated lines of evidence have suggested that cardiac rupture results from the continuous stretch of infarcted and structurally weakened myocardium [3] .
Recently, inflammatory cell infiltration and activation of matrix metalloproteinases (MMPs) have been also implicated in the pathogenesis of cardiac rupture [4, 5] .
The tumor suppressor gene p53 is an important transcription factor regulating cell death and proliferation. It induces apoptosis in response to a variety of stresses such as ischemia [6, 7] . In fact, there is evidence supporting that p53 is activated in the ischemic hearts [8] and apoptotic myocytes are detected in the infarcted and border zone regions during the early days of MI [9,
Methods

Animals
The study was approved by our prone to the spontaneous development of a variety of tumors by 6 months of age [12] . We thus assessed mice at the age of 10 to 14 weeks old for comparison between groups. The original breeding pairs used to develop the mice for this study were obtained from Jackson Laboratories (Bar Harbor, Maine). Genotypes of the mice were determined by PCR analyses of the mouse tail DNAs [13] . For p53, we used a sense oligonucleotide primer (5'-CCCGAGTATCTGGAAGACAG-3') and an antisense primer (5'-ATAGGTCGGCGGTTCAT-3'). For the neomycin cassette, we also used a sense oligonucleotide primer (5'-CTTGGGTGGAGAGGCTATTC-3') and an antisense primer (5'-AGGTGAGATGACAGGAGATC-3'). The amplicon from the WT allele is 600 bp, and the mutant allele is 280 bp (Fig. 1) . +/-+MI (n=28), and p53 -/-+MI (n=20) mice. During the 7-day study period, the cages were inspected daily to identify any deceased animals. All deceased mice were examined for the presence of MI as well as pleural effusion and cardiac rupture, based on a diagnosis of the presence of a blood clot within the chest cavity in the postmortem examination.
Creation of MI
Experimental Protocol 2: 3 Day Post-MI Study
Because a substantial portion of the MI animals died within 7 days after MI, in vivo LV function and myocardial histopathology were also evaluated in a number of p53 -/-mice available for the detailed subsequent analysis. In fact, the previous study has shown that a significant proportion of female p53 -/-mice die during embryogenesis or in the period between birth and weaning [15] . In addition, in p53 -/-female embryos, the normal process of neural tube closure failed, leading to exencephaly and subsequent anencephaly. Another possible explanation for the lower availability of p53 -/-mice is that p53 is involved in the normal process of spermatogenesis [16] .
Echocardiographic and Hemodynamic Measurements
Echocardiographic studies were performed under light anesthesia with tribromoethanol/amylene hydrate (Avertin; 2.5% wt/vol, 8 µL/g ip) and spontaneous respiration [14] . A two-dimensional parasternal short-axis view of shortening were small and measurements made in the same animals on separate days were highly reproducible [14] .
Infarct Size and Wall Thickness
Infarct size was determined by the methods described in rats [17] and also in mice [18, 19] . The heart was excised and the right and left ventricles including the septum were dissected. The left ventricles were cut from apex to base into 3 transverse sections. Five-µm sections were cut and stained with
Masson's trichrome. Infarct length was measured along the endo-and epicardial surfaces from each of the LV sections, and the values from all specimens were summed. Total LV circumference was calculated as the sum of endo-and epicardial segment lengths from all LV sections. Infarct size (in percent) was calculated as total infarct circumference dived by total LV circumference. In our preliminary study, we confirmed excellent reliability of infarct size measurements, in which a morphometric methodology similar to that used in this study was employed. The intraobserver and interobserver variabilities between two measurements divided by the mean of the two measurements,
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expressed as a percentage, were less than 5%. Therefore, our technique could be considered to allow reliable assessment of infarct size in mice.
To further evaluate the effects of p53 on the risk area and infarct size, a separate group of animals including p53 +/-+MI (n=5) and p53 +/+ +MI (n=5) was created. After 24 hr, Evans blue dye (1%) was perfused into the aorta and coronary arteries with distribution throughout the LV wall proximal to the site of coronary artery ligation. The nonischemic area was stained blue. Hearts were excised and sliced into cross-sections below the ligature. These sections were weighed and then incubated with a 1% triphenyltetrazolium chloride (TTC)
solution at 37°C for 20 min. The infarct area (pale), the area at risk (not blue), and the total LV area from each section were measured, multiplied by the weight of the section, and then totaled from all sections [20] .
To quantitate wall thinning, the thickness of the infarct wall was determined using the leading-edge method at the thinnest point of transmural infarction. The noninfarct wall measurement was then acquired from the same slide at the point on the LV diametrically opposed to the point used for infarct thinning. The wall thinning was calculated by dividing the infarct wall thickness by the noninfarct wall thickness [21, 22] .
Myocardial Histopathology
From the mid-LV transverse sections, 5-µm sections were cut and stained with hematoxylin and eosin and Masson's trichrome. To quantify myocardial infiltrates, nuclear density (nuclei per square millimeter) was determined. In each animal, 5 independent high-powered fields were analyzed.
To further determine the number of macrophages, an immunohistochemical analysis using a specific antibody against mouse Mac-3 (BD Pharmingen) was performed.
The collagen volume fraction was determined by the quantitative morphometry of Masson's trichrome-stained mid-LV sections. Interstitial
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collagens were also stained with Sirius red.
MMP Zymography
Zymographic MMP levels including MMP-2 and MMP-9 were determined in the infarcted LV using gelatin zymography [23] .
Apoptosis
To detect apoptosis, LV tissue sections were stained with terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining (TaKaRa). The number of TUNEL-positive nuclei was counted in the infarcted and border zone LV, and the data were normalized per 10 5 total nuclei identified by hematoxylin-positive staining in the same sections. We further examined whether apoptosis is present by the more sensitive ligation-mediated PCR fragmentation assays (Maxim Biotech Inc.).
Akt Protein
The Akt protein levels were analyzed in cardiac tissue homogenates by 
Results
Experimental Protocol 1: 7 Day Post-MI Study
Survival and LV Rupture p53 +/-+MI and p53 -/-+MI mice had significantly better survival than p53 +/+ +MI mice (Fig. 2) . The number of the mice that died of LV rupture was significantly less in p53 -/-+MI and p53
+/-+MI than in p53 +/+ +MI mice (Fig. 3 ).
There were no deaths in the sham-operated groups. There were no significant differences in the survival rate among these 3 groups of survivor mice followed after 7 days up to 4 weeks.
Experimental Protocol 2: 3 Day Post-MI Study
Echocardiography and Hemodynamics
The echocardiographic and hemodynamic data of the surviving mice at 3 days of MI are shown in Table 1 
Infarct Size and Wall Thickness
The infarct size determined by the morphometric analysis at 3 days of MI was comparable among the p53 +/+ +MI, p53 +/-+MI, and p53 -/-+MI (n=6 each) mice (Fig. 4A) 5A) . Moreover, the infiltration of macrophages was similar between groups ( (Fig. 6A) .
MMPs
The zymographic MMP-2 and MMP-9 levels significantly increased in the infarcted LV from MI groups, however, no difference in this regard was seen between p53 +/+ +MI and p53 +/-+MI mice (Fig. 6B) .
Myocardial Apoptosis
There were rare TUNEL-positive nuclei in sham-operated mice. The number of TUNEL-positive cells was increased in p53 +/+ +MI, which was significantly prevented in p53 +/-+MI and p53 -/-+MI (Fig. 7A) . In addition, DNA ladder appeared faint in the infarcted LV from p53 +/-+MI mice (Fig. 8) .
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Discussion
The major new finding of the present study is the significant improvement in the survival of MI mice by the targeted deletion of p53 gene, which was mainly attributable to the inhibition of early LV rupture. After MI, p53-dependent apoptosis might contribute to the thinning of the infarct wall and eventual LV rupture. Our observations thus suggest that an anti-p53 strategy may be of therapeutic benefit against the evolution of cardiac rupture after MI.
Cardiac rupture is the most drastic and severe complication of acute MI.
Following MI, a reparative process, infarct healing, is immediately initiated, including inflammatory cell infiltration, activation of MMPs, extracellular matrix remodeling and scar formation. Thinning of the infarcted wall and dilatation of LV cavity, which occur during the acute phase of MI, are termed as "infarct expansion" [1] . The delay or impairment of this process may jeopardize infarct healing, aggravate extracellular matrix remodeling, and cause cardiac rupture. Previous studies demonstrated that p53 was increased [8] and apoptosis of cardiac myocytes were detected in the infarcted regions during the early days after MI [9, 10] . Therefore, p53-dependent apoptosis at the infarcted myocardium may contribute to cardiac rupture. However, no previous studies have provided direct evidence supporting this notion. The present study has demonstrated that p53 is indeed involved in cardiac rupture after MI (Fig. 3 ) via mediating apoptosis (Fig. 7) and wall thinning at the infarct area (Fig. 4B) .
The beneficial effects of p53 deletion were not due to its MI size-sparing effects because the infarct size was comparable between the p53 +/+ and p53 +/-mice (Fig. 4A) . Further, its effects might not be attributable to those on hemodynamics because the blood pressure and heart rate showed no alterations (Table 1 ). In addition, inflammatory cell infiltration and inadequate fibrosis have been postulated to cause myocyte separation in the infarct area, which may lead to eventual cardiac rupture [4] . However, the present study could not find
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any alterations in the infiltration of inflammatory cells or collagen deposition between p53 +/+ and p53 +/-mice after MI ( Fig. 5 and 6A) . Further, even though recent studies have demonstrated that the inhibition of MMPs can prevent cardiac rupture [4, 5] , targeted deletion of p53 gene did not affect the increase in MMP-2 or MMP-9 activities in the post-MI hearts in the present study (Fig. 6B) .
These lines of evidence indicate that the inhibition of cardiac rupture in p53 +/-mice was not due to the altered reparative process of extracellular matrix or the infiltration of inflammatory cells and further confirm the significance of attenuated apoptosis and infarct wall thinning in the prevention of cardiac rupture.
Previous experimental [9] and human [10] studies have detected TUNEL-positive cells in the post-MI hearts. Even though they implicated apoptosis in the pathogenesis of late LV remodeling after MI [19] , it may also contribute to the early phase structural alterations known to occur within the infarct area, which is characterized by a significant net loss of cardiac myocytes as well as myocyte slippage and elongation [24] . However, the significance of myocardial apoptosis in this phase of MI has been mostly speculative. Thus the present study clearly demonstrated for the first time that p53-dependent apoptosis is involved not only in late remodeling after MI [19] but also in early cardiac rupture.
The present study was in contrast to the previous study by Bialik et al, in which myocyte apoptosis was not altered after MI in the hearts of mice nullizygous for p53 [25] . It is difficult, however, to find identical experimental conditions between their study and the present study by that would be necessary for a direct comparison; the age of the animals (6-8 weeks in the study by Bialik vs 10-14 weeks in this study) and the time at which apoptosis was assessed (10 and 48 hr vs. 3 days). In addition, the infarct size was comparable between p53 -/-and p53 +/-in the present study although it was not clearly mentioned in the study by Bialik. Although the present study demonstrated the survival benefit in p53 +MI, and p53 +/-+MI mice in the present study (Fig. 8) ,
suggesting that Akt might not play a major role in myocyte apoptosis in this model. Moreover, a recent study by Dr. Field's group has demonstrated that p193 and p53 exert a cell cycle regulatory role in the adult heart [27] . In their studies, target expression of the p193 and/or the p53 dominant-interfering mutants increased cardiac myocyte DNA synthesis after MI in mice, suggesting that cardiac cell cycle reentry is regulated by these proapoptoitc proteins.
Therefore, we could not exclude the possibility that p193 might be also involved in post-MI remodeling.
Even though the previous studies reported a difference in the phenotype between p53 -/-and p53 +/-mice [15, 16] , the echocardiographic data ( Table 1) , hemodynamic data (Table 1) , infarct size (Fig. 4) , infarct wall thinning ratio (Fig. 4) , nuclear density (Fig. 5) , collagen volume fraction by myocardial histopathology (Fig. 6) , and the number of TUNEL-positive cells (Fig. 7) were comparable between these 2 groups of mice in the present study. Based on these results, there might be a threshold in the effects of p53 gene expression on cardiac pathophysiology after MI.
There are several limitations to be acknowledged in this study. First, although p53 is activated in the post-MI hearts [8] , the mechanisms responsible for this activation are not determined in the present study. One important aspect of ischemia is prolonged hypoxia, which has been shown to increase p53 expression and result in apoptosis in cultured cardiac myocytes [6] . Furthermore,
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oxidative stress, which is also increased in post-MI hearts, is a powerful inducer of apoptosis [28] . However, further studies are needed to clarify the mechanisms for the modulation of p53 after MI. Second, even though the previous study demonstrated that p53 expression was increased in post-MI rat hearts [8] , the present study did not determine whether endogenous p53 expression was altered in post-MI mouse hearts. Third, p53-dependent apoptotic pathways may not be a sole mechanism for cardiac rupture after MI. Cardiac repair after MI is a highly complex process, involving diverse inflammatory and growth factor signaling pathways, and extracellular matrix remodeling. Thus the mechanisms other than p53 may be also involved in this deleterious complication. Fourth, echocardiographic assessment of LV function in mice is known to be difficult.
However, intra-and interobserver variabilities of our echocardiographic measurements for LV cavity dimensions and fractional shortening were small and measurements were highly reproducible [14] . Therefore, our technique was capable of noninvasively assessing the LV structure and function in mice with a large MI.
Cardiac rupture usually occurs unexpectedly and is often fatal, thereby resulting in one of the major causes of in-hospital death in patients with acute MI. It is difficult to predict its occurrence by the previously reported clinical risk factors such as aging, hypertension, and delayed thrombolysis [29] . We found that target deletion of p53 had a significantly reduced cardiac rupture rate after MI. This was accompanied by a reduction of apoptosis and wall thinning of the infarcted myocardium. Our results may provide a novel insight regarding the pathophysiological role of p53-dependent apoptosis in cardiac rupture and thus help to establish an effective therapeutic strategy.
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Figure legends 
Figure 5
Representative photomicrographs of LV sections and summary data for nuclear density of infiltrating cells stained with hematoxylin and eosin (A) and macrophages (B) at the infarct area and border zone. Scale bar, 10 μm.
Values are means±SEM (n=6 each). 
